Two flesh fly species from the tropical lowlands (Peckia abnormis and Sarcodexia sternodontis) were more susceptible to both cold-shock and heatshock injury than temperate flies (Sarcophaga crassipalpis and S. bullata) and a fly from a tropical high altitude (Blaesoxipha plinthopyga). A brief (2-h) exposure to 0 ~ elicits a protective response against subsequent cold injury at -10 ~ in the temperate flies and in B. plinthopyga but no such response was found in the flies from the tropical lowlands. However, both tropical and temperate flies could be protected against heat injury (45 ~ by first exposing them to a mild heat shock (2 h at 40 ~ The supercooling point is not a good indicator of cold tolerance: supercooling points of pupae were similar in all species, ranging from -18.9 to -23.0 ~ and no differences were found between the tropical and temperate species. Among the temperate species, glycerol, the major cryoprotectant, can be elevated by short-term exposure to 0 ~ but glycerol could not be detected in the tropical flies. Low-temperature (0 ~ exposure also increased hemolymph osmolality of the temperate species, but no such increase was observed in the tropical lowland species. Adaptations to temperature stress thus differ in tropical and temperate flesh flies: while flies from both geographic areas share a mechanism for rapidly increasing heat tolerance, only the temperate flies appear capable of responding rapidly to cold stress. The presence of a heat shock response in species that lack the ability to rapidly respond to cold stress indicates that the biochemical and physiological bases for these two responses are likely to differ.
Introduction
Injury incurred by high temperature can be prevented or reduced by first briefly exposing the insect to a less severe high temperature. This physiological response, which is well documented in many organisms, correlates with expression of a set of heat shock genes whose proteinaceous products presumably contribute to protection from heat shock injury (Chirico et al. 1988; Deshaies et al. 1988; Chiang et al. 1989 ). More recently it was recognized that insects exhibit a somewhat similar response to low temperature (Chen et al. 1987a ; Lee et al. 1987a) : insects shifted immediately to low temperature (but temperatures well above the supercooling point) are conspicuously injured by the cold shock, but a brief exposure to a less severe cold temperature can prevent the injury. This rapid cold-hardening response thus suggests some possible commonality in the insect's response to both extremes of temperature stress.
In this study we compare the responses of temperate and tropical species of flesh flies (Sarcophagidae) to heat and cold stress. Previous work with temperate flies has demonstrated rapid responses to both heat (Mitchell et al. 1979; Petersen and Mitchell 1987; Chen et al. 1990 ) and cold stress (Chen et al. 1987a; Lee et al. 1987a; Czajka and Lee 1990) . But, are both responses also present in tropical species? Does the capacity to respond to one extreme of temperature stress imply the capacity to respond to the opposite extreme? Glycerol, a common cryoprotectant in insects, accumulates in temperate flesh flies in response to both short-and long-term acclimation to low temperature (Chen et al. 1987a; Chen et al. 1987b ), but it is not known whether tropical species also synthesize glycerol in response to low temperature. Also, are possible differences in cold tolerance reflected in the whole body supercooling points and hemolymph melting points observed in the different flies? Very little has been reported about the responses of tropical species to temperature stress, although it is clear that some trop-ical species living at high altitudes have evolved impressive mechanisms for surviving at low temperature (Somme and Zachariassen 1981) .
Materials and methods
Experimental flies. Three tropical species, Peckia abnormis, Sarcodexia sternodontis, and Blaesoxipha plinthopyga, and two temperate species, Sarcophaga erassipalpis and S. bullata, were examined in this study. Collection sites, habitat conditions, pupal weight, and diapause capacity are described in Table 1 . Details of the rearing methods were previously described (Denlinger 1972 ). The tropical flies, which all lack the capacity for diapause (Denlinger et al. 1988) , were reared at LD 12:12, 25 ~ throughout their life cycle. Temperate flies were maintained at LD 15:9, 25 ~ for all developmental stages. Under these long-day conditions no diapausing flies were produced.
Temperature treatment. Three replicates of 10-15 flies were placed in test tubes (10 x 1.5 cm) and either pretreated (at 0 ~ or 40 ~ or held at the control temperature (25 ~ before exposure to extreme low (-10 ~ or high (45 ~ temperatures. Details of exposure times are presented in the results. A temperature of 0 ~ was obtained using an insulated container filled with ice, and -10 ~ was obtained using a Lauda RMT-20 (Brinkmann) low-temperature bath filled with water and ethylene glycol (1 : 1). High temperature treatments (40 ~ and 45 ~ were carried out in a regulated water bath. All samples were returned to room temperature (25 ~ and the emergence percentage was recorded.
Analysis of low molecular weight polyols. Low molecular weight polyols were analyzed by high performance liquid chromatography (Waters Associates) as described (Lee etal. 1983; Chen etal. 1987 a) . Glycerol concentrations were calculated using data for pupal water content (Adedokun and Denlinger 1985, unpublished observations) .
Supercooling point. Supercooling points were determined by positioning a 30-gauge copper-constantan thermocouple in contact with the insect cuticle. A cooling rate of ca. 1 ~ min-~ was maintained using a Neslab RE-8DD low temperature bath. The supercooling point was defined as the lowest temperature recorded prior to the release of the latent heat of fusion as body water freezes.
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Melting point. Hemolymph melting points were measured with a nanoliter osmometer (Clifton Technical Physics) using the method described by Frick and Sauer (1973) . Standard osmotar concentrations and distilled water were used with each sample platform. During the melting process, temperature was slowly increased until only a single crystal was visible. Readings (mosmole) were transformed to melting points using a melting point depression of 1.86 ~ per osmole.
Results

Cold shock and heat shock injury
In this experiment, pharate adults (red-eye stage) of the temperate and tropical species were transferred directly from 25 ~ to either -10 ~ (cold shock) or 45 ~ (heat shock) for various times (open circles in Fig. 1 ). The two species from the tropical lowlands, P. abnormis and S. sternodontis, were more susceptible to injury at both high and low temperature, as observed by the lower incidence of adult emergence, than the high altitude tropical species, B. plinthopyga, and the two temperate species, S. bullata and S. erassipalpis. Both P. abnormis and S. sternodontis tolerated less than 1 h of direct exposure to -10 ~ C, while all other species tolerated more than a I h exposure. Likewise, P. abnormis and S. sternodontis tolerated less exposure to 45 ~ than the others.
Prevention of injury by pretreatment at less severe temperatures
The effect of a 2-h pretreatment at a less severe temperature (0 ~ or 40 ~ in generating protection against injury at more severe temperatures (-10 ~ or 45 ~ is shown in Fig. 1 (closed circles) . A 2-h pretreatment at 40 ~ generated protection against heat shock injury in all five species. Likewise, a 2-h pretreatment at 0 ~ gen- 
Prevention of cold shock injury by brief exposure to high temperature
In the temperate-zone fly, S. crassipalpis, it was previously demonstrated that a 2-h exposure to 36 ~ reduced injury at -10 ~ (Chen et al. 1987a) . We tested Table 2 . Supercooling points and melting points of temperate and tropical flies. All flies were reared at 25 ~ and examined as pharate adults. For hemolymph melting point determinations (each n = 5) samples of flies were also exposed for 2 h to 0 ~ or 40 ~ Means followed by the same number indicate no significant differences of the supercooling points between the species at 25 ~ Means followed by the same letter are not significantly different at the different temperatures tested. this same potential for high temperature reduction of cold shock injury in the tropical lowland species, P. abnormis. A 2-h exposure of red-eye pharate adults to 40 ~ did not reduce the injury caused by a subsequent 1.5-h exposure to -10 ~ (0% adult eclosion, in flies transferred directly to -10 ~ and in flies first exposed to 40 ~ each N = 45).
Supercooling point and melting point
Supercooling points of pharate adult stages of all the tropical and temperate flies ranged from -18.9 to -23.0 ~ (Table 2 ). There were no differences of SCP among the three tropical flies and the temperate species, S. bullata. The lowest supercooling point was recorded for the temperate fly, S. crassipalpis, and it differed significantly from all the others. Differences of hemolymph osmolality or melting points between the temperate and the tropical flies were found in response to temperature. At 25 ~ melting points for the 5 species ranged from -0.473 to -0.543 ~ (Table 2 ). In response to low temperature (2 h at 0 ~ the hemolymph melting points of the two temperate species, S. crassipalpis and S. bullata, decreased by 0.044 and 0.082 ~ respectively, but no such decrease was seen in the two tropical lowland species, P. abnormis and S. sternodontis. Heat shock (2 h at 40 ~ did not significantly change the hemolymph melting points of either the temperate or tropical species.
Glycerol concentration
Glycerol appears to be the major low molecular weight cryoprotectant used by the temperate flies, S. crassipalpis and S. bullata (Chen et al. 1987a; Lee et al. 1987b; Chen et al. 1990) . It is readily detectable in all stages and at all temperatures, and concentrations clearly rise in response to low temperature exposure (to >80 mM). However, no glycerol could be detected (limit of detection ca. 0.5 mM) in the two tropical lowland species, P. abnormis and S. sternodontis, reared at 25 ~ or after a 2-h exposure to either 0 ~ or 40 ~ (3 replicates of 2 flies each at each temperature).
Discussion
Responses to temperature stress have been well documented for many temperate zone species, but very little information has been reported for tropical species. The temperature ranges encountered in the temperate zone far exceed the range in most tropical areas, and this is likely to be reflected in the temperature adaptations of insects from these two regions. In our study of flesh flies it appears that the temperate species are better adapted to both high and low temperature extremes than their counterparts from the tropical lowlands. Survival at the extreme temperatures used in this experiment (-10 ~ and 45 ~ was consistently higher in the temperate species. B. plinthopyga, a species originating from a high altitude tropical location (San Jose, Costa Rica, 1158 m), responded much like the temperate species, thus suggesting that a wide range of temperature adaptations can be found at different altitudes within the tropics. Somme and Zachariassen (1981) also cite several examples of insects from Mt. Kenya that have evolved mechanisms for low temperature survival in that tropical high altitude site.
In temperate species the injury characteristic of heat shock or cold shock can be reduced by first exposing the insect briefly to a less severe high (Peterson and Mitchell 1987; Chen et al. 1990) or low temperature (Chen et al. 1987a; Lee etal. 1987a; Czajka and Lee 1990) . In this study we found that a 2-h exposure to 40 ~ provided protection against injury at 45 ~ in both the temperate and tropical flies. Thus, the classic heat shock response appears to operate in both groups of flies. However, a rapid cold-hardening in response to low temperature was not evident in the flies from the tropical lowlands. While exposure to 0 ~ provided protection from injury at -10 ~ in the temperate species and the fly from the tropical high altitude site, such protection was not observed in the tropical lowland species. Curiously, high temperature (40 ~ can also elicit protection against cold shock injury in the temperate flesh fly, S. crassipalpis (Chen et al. 1987a ) but no such effect could be demonstrated in the tropical fly, P. abnormis, again emphasizing the absence of a mechanism protecting against cold shock injury in the tropical species.
Certainly, the environmental conditions that would necessitate such a response would never be present in the tropical lowlands.
The supercooling point, a commonly used indicator of insect cold hardiness, is clearly not an adequate predictor of cold hardiness in the tropical flies. All flies in this study had supercooling points during the pharate adult stage that were nearly the same (range of -18.9 to -23.0 ~ yet it is clear that the temperate flies are much more cold tolerant, although even they can not tolerate temperatures approaching the supercooling point. Our previous work with flesh flies demonstrated that only pupae in mid-diapause are capable of surviving temperatures near the supercooling point . Several other studies have recently cautioned against using the supercooling point as an indicator of cold tolerance (Bale 1987; Bennett and Lee 1989; Lee and Denlinger 1985) .
Glycerol, the major cryoprotectant used by temperate flesh flies , could not be demonstrated in the tropical species. Its absence is further demonstrated in the hemolymph melting point data. Accumulation of glycerol or other low molecular weight cryoprotectants in the hemolymph causes the melting point to decrease, and such decreases were observed when the temperate species were exposed to 0 ~ However, exposure of the lowland tropical species to 0 ~ did not alter the hemolymph melting point.
While this study and our previous work (Chen et al. 1990 ) have demonstrated that temperate species have the capacity to rapidly generate protection against both high and low temperature injury, it is now clear that the tropical species have a protective response operating only against high temperature stress. This difference provides further evidence that the physiological responses elicited by high and low temperature are indeed different. Protection generated by low temperature is extremely rapid (10-20 min) and involves glycerol accumulation (Chen et al. 1987a) . Protection generated by high temperature is not quite as rapid (1-2 h), heat shock proteins are synthesized ), but no glycerol accumulates. Although heat shock proteins are synthesized during recovery from cold shock, they are not synthesized during cold shock and thus can not account for the protection observed by pretreating flies at 0 ~ for 2 h before exposure to more severe temperatures (Joplin et al. I990) . Superficially, the responses to high and low temperature appear similar (both provide rapid protection against injury at more severe temperatures), but the accumulating evidence indicates that protection is achieved by separate underlying mechanisms.
